A simple and convenient assay for indoleamine 2,3-dioxygenase has been developed.
Indoleamine 2,3-dioxygenase [indole-oxygen 2,3-oxidoreductase (decyclizing), EC 1.13.11.171 is a haem-containing enzyme capable of catalysing the oxidative cleavage of the indole moiety of a number of substituted and unsubstituted indoleamines, such as D-and L-tryptophan, 5-hydroxytryptophan, tryptamine, melatonin and 5-hydroxytryptamine (Hirata et al., 1974) . Studies on the enzyme purified from rabbit small intestine have revealed that, unlike the classical hepatic L-tryptophan 2,3-dioxygenase [pyrrolase; L-tryptophan-oxygen 2,3-oxidoreductase (decyclizing), EC 1.13.11.111 it appears to use the superoxide anion 02-rather than molecular oxygen as the oxygenating agent (Hirata & Hayaishi, 1975; Ohnishi et al., 1977) . In addition, indoleamine 2,3-dioxygenase differs from L-tryptophan 2,3-dioxygenase in that it is found in a number of tissues in the rabbit, including the intestine, lung, stomach, spleen, brain and possibly liver (Hirata & Hayaishi, 1975) .
Further study of indoleamine 2,3-dioxygenase is of considerable interest, since its function in vivo and the nature of the physiological substrate(s) are still unclear. It has been suggested that it may be involved in the regulation of serotonin levels in the brain and small intestine (Hirata et al., 1974 and in the degradation of melatonin (Hirata & Hayaishi, 1975) .
The measurement of indoleamine 2,3-dioxy- (Yamamoto & Hayaishi, 1967; Hirata & Hayaishi, 1975) , although a more sensitive radiometric procedure, in which enzyme activity is determined by isolation and quantification of [14C]-formate released from DL-[ring-2-"4C]tryptophan (by ion-exchange chromatography), has been applied to highly purified enzyme preparations . However, this method is slow and its use is restricted to the purified enzyme or to crude tissue extracts that are known to be free of L-tryptophan 2,3-dioxygenase activity. Further, interpretation of results obtained with DL-[ring-2-"4C]tryptophan as substrate may be difficult, since indoleamine 2,3-dioxygenase displays greatly different catalytic properties with respect to the two optical isomers of tryptophan (Shimizu et al., 1978) .
In the present study, we report a new radiometric assay procedure for indoleamine 2,3-dioxygenase which overcomes these problems by (i) using D-[ring-2-"4C]tryptophan as substrate, and (ii) replacing the ion-exchange chromatographic separation of ["4C]formate from ["4C]tryptophan with a charcoal-adsorption procedure. Using this radiometric procedure, which is at least 20-fold more sensitive than comparable spectrophotometric assays and which is applicable to large numbers of crude tissue samples, the distribution of indoleamine 2,3-dioxygenase in rat tissues and its response to L-tryptophan and corticosteroid administration have been determined. The results are discussed in relation to the possible physiological role of the enzyme.
Animals
Male Sprague-Dawley rats (CD/ASH strain; 200-250g) (Pogson & Smith, 1975; Smith & Pogson, 1977 Enzyme preparation and assay procedures Animals were killed by cervical dislocation and exsanguination. The gastrointestinal tract was rapidly removed, placed on ice and divided into anatomical regions. The contents of the individual gut regions were flushed out with ice-cold 0.9% (w/v) NaCl. Tissue samples were finely minced with scissors, washed with 0.9% NaCl, blotted gently and then extracted in 50mM-potassium phosphate, pH 6.0 (2 ml/g) by using a Teflon/glass homogenizer. Homogenates were centrifuged (5 min, 12000g) at 40C, and the resultant supernatants were used as the crude enzyme preparation.
(i) Spectrophotometric assay. Indoleamine 2,3-dioxygenase was assayed by a modification of the method of Yamamoto & Hayaishi (1967) . Incubations (370C) were performed in 0.5 ml Beckman centrifuge tubes containing, in a final vol. of 0.2 ml, pH7.5; 100mM-potassium phosphate, 0.2mM-Methylene Blue, 10mM-sodium ascorbate, 50,ug of catalase, 5 mM-D-tryptophan and enzyme preparation. Incubations, in triplicate, were terminated by addition of 0.02 ml of 20% (w/v) HC104. After centrifugation (5min, 12 000g) to remove precipitated protein, the absorbance at 360 nm of 0.2 ml of the supernatant was determined after mixing with 1 ml of 1 M-Tris/HCI, pH 7.0. Enzyme activities were calculated assuming a molar absorbance coefficient for kynurenine of 45OOM-1 * cm-' (Higuchi & Hayaishi, 1967) . Blank determinations, in which D-tryptophan was either omitted or added after HC104, were carried through the entire assay procedure.
(it) Radiometric procedure: ion-exchange method. Incubation conditions were identical with those described for the spectrophotometric assay except that the concentration of D-tryptophan (containing (Smith & Pogson, 1980) . Blank determinations, in which radiolabelled substrate was added after HCl04 addition, were included in each experiment. All radioactive measurements were corrected for quenching by internal standardization.
The protein concentrations of tissue extracts were determined either by the biuret (Gornall et al., 1949) or Lowry (Lowry et al., 1951) Results and discussiod Development of a radiometric assay for indoleamine 2,3-dioxygenase For the developmpnt of a radiometric assay for indoleamine 2,3-dioxygenase, a crude enzyme preparation from the distal 25cm of rabbit small intestine was used. Por comparative purposes, the activity of indoleamine 2,3-dioxygenase in these gut extracts was routinely determined by using a spectrophotometric assay (Higuchi & Hayaishi, 1967) . The rate of formation of D-kynurenine was linear both with inc6bation time (up to 90min) and enzyme concentration (up to 6 mU). With this assay procedure enzymic activity could not be detected in extracts of rabbit ileum containing less than 0.25 mU of indoleamine 2,31dioxygenase. Indoleamine 2,3-dioxygenase activity of rabbit small intestine (Table  1) was somewhat lower than reported earlier (Higuchi & Hayaishi, 1967; Shimizu et al., 1978) ; this is probably attributable to large (10-20-fold), seasonal variations in the activity of the enzyme derived from this sQurce.
The radiometric assay procedure with [ring-2-'4C]tryptophan as substrate is a modification of that , based on the principle originally described by Peterkofsky (1968) (Peterkofsky, 1968; and with enzyme concentration (up to 6 mU); Fig. 1 . Under the conditions specified, oxidation of formate to CO2 was less than 5%. Table 1 shows that the two radiometric assays for indoleamine 2,3-dioxygenase yield equivalent results. However, comparison of the specific activities of indoleamine 2,3-dioxygenase in rabbit ileum extracts (Table 1) shows that the spectrophotometric assay gave higher values than (Shimizu et al., 1978) and we have confirmed this value for rat intestinal extracts (results not shown); in the spectrophotometric assay the enzyme is virtually substrate-saturated (D-tryptophan concentration, 5 mM) whereas in the radiometric assay the substrate concentration is suboptimal (0.5 mM).
Direct comparison of the sensitivity of the charcoal-radiometric assay with the spectrophotometric method reveals that the former is at least 20-fold more sensitive; enzyme activity could routinely be detected in tissue extracts containing as little as lO,uU of indoleamine 2,3-dioxygenase.
Indoleamine 2,3-dioxygenase in rat tissues Indoleamine 2,3-dioxygenase activity was not measurable in any gut region of the rat by using the standard spectrophotometric assay procedure. However, enzymic activity was readily detectable with the charcoal absorption-radiometric method. Unlike the rabbit, in which enzymic activity is associated with the distal 25 cm of the small intestine, indoleamine 2,3-dioxygenase shows a different pattern of distribution in the rat gut. The highest activity was found in the 2cm distal to the stomach, with a relatively constant low activity along the remainder of the small intestine ( Table 2 ). The specific activity of indoleamine 2,3-dioxygenase in rat gut extracts was less than 2% of that in similar rabbit intestinal preparations.
Other rat tissues were examined for the presence of indoleamine 2,3-dioxygenase activity. The activities in extracts prepared from stomach, spleen and kidney were 2.33 x 10-3, 1.17x 10-3 and 0.08 x 10-3 nmol of N-formylkynurenine formed/ min per mg of protein respectively.
No activity was detectable in the oesophagus, colon, rectum, heart, lung or brain. Again, these findings are in direct contrast with the rabbit (Hirata & Hayaishi, 1975) in which tissues such as lung, colon and rectum contain appreciable amounts of indoleamine 2,3-dioxygenase. The physiological importance of these different patterns of tissue distribution is unclear.
Effects Of L-tryptophan and corticosteroids on indoleamine 2,3-dioxygenase activity in rat small intestine Administration either of L-tryptophan or of adrenal corticostroids to rats increases the activity of hepatic tryptophan 2,3-dioxygenase (Schimke et a., 1965) . It was of interest to determine whether the activity of intestinal indoleamine 2,3-dioxygenase is influenced similarly. Table 3 shows the indoleamine 2,3-dioxygenase activity of extracts prepared from the 2cm of small intestine distal to the stomach of rats 6 h after treatment either with L-tryptophan or triamcinolone. Triamcinolone was without effect, but L-tryptophan produced a 50% increase in activity.
General discussion
In the present report, we describe the development of a new, specific radiometric assay procedure for indoleamine 2,3-dioxygenase that offers a number of advantages over earlier methods, and [ring-2-'4C]tryptophan and the introduction of the specific charcoal-adsorption step enables sample volumes required for radioisotope determination to be kept to a minimum. The radiometric procedure described above confers at least a 20-fold increase in sensitivity over comparable spectrophotometric methods; this may be enhanced by increasing the substrate specific radioactivity.
To our knowledge, indoleamine 2,3-dioxygenase has not previously been quantified in the rat. However, the presence of the enzyme in rat tissues was suggested following the isolation and identification of 5-hydroxykynurenine, the oxidative ring cleavage product of 5-hydroxytryptophan, from rat urine (Konishi et al., 1971 ). The precise physiological role of indoleamine 2,3-dioxygenase is still unclear. Hayaishi and co-workers (Hirata et al., 1974 Fujiwara et al., 1979) suggest that the enzyme is involved in the regulation of serotonin levels in the small intestine. Serotoninergic mechanisms may be involved in the control of gut motility. Human patients with the carcinoid syndrome, a disease characterized by excessive intestinal 5-hydroxytryptamine synthesis, are subject to chronic dysentery (Thorsen, 1958) . It is of interest to note that indoleamine 2,3-dioxygenase from rabbit ileum displays considerable seasonal variations; periods of low enzyme activity (and possibly, therefore, high gut serotonin concentrations) and dysentery are closely correlated (Shimizu et al., 1978) .
The concentration of indoleamine 2,3-dioxygenase within the short section of small intestine adjacent to the stomach of the rat may indicate a possible role for this enzyme in the regulation of gastric emptying in this species. The sensitivity of the enzyme to tryptophan administration may be solely a pharmacological response; further work is required to elucidate the function and regulation of indoleamine 2,3-dioxygenase activity under physiological conditions.
